The structural gene (purB) for succinyl-AMP (S-AMP) lyase and three additional ORFs are on the same DNA strand of the chromosome of Escherichia coli. Cassette mutagenesis and primer extension mapping demonstrated that purl? is co-transcribed with an upstream gene (ORF23, or ycfC) encoding a 22-9 kDa membrane-associated protein of non-essential, but unknown, function unrelated to purine biosynthesis. The purB operon lies between phoP and an ORF expressing an essential function which may correspond to asu€ (frmU). S-AMP lyase was purified to near homogeneity. The purified enzyme is a homotetramer of 50 kDa subunits, has a Km for S-AMP of 3.7 pM and a pH optimum of 74-706.
INTRODUCTION
The purB gene of Escherichia coli K-12 is located in an operon
The purine nucleotides AMP and GMP are synthesized through a branched multi-enzyme pathway. In Escberichia coli, the structural genes (pur and gtla) for these enzymes have been mapped on the chromosome (Berlyn e t al., 1996) , and occur at various loci either individually (ptlrT, pwL, pztrC, ptlrA) or collectively within operons (PtlrF, ptlrHD, ptlrMN, pzrrEK, gztaBA) . The nucleotide sequences for all the genes are known but the previously published sequence and organization of the purB region (He e t al., 1992) differ significantly from those reported here. pztrB maps at 25.57' on the E. coli chromosome between astlE (trmU), the site of an antisuppressor mutation that affects tRNA modification (Sullivan et al., 1985; Bjork, 1995) , andpboP (Groisman etal., 1992; He e t al., 1992; Kasahara e t al., 1992) , encoding a regulatory protein involved in stress responses (Miller, 1991) . pztrB encodes succinyl-AMP (S-AMP) lyase (EC 4,3.2,2), a bifunctional enzyme that converts succinyl-AMP to AMP (the last reaction of AMP biosynthesis) and succinyl aminoimidazole carboxamide ribotide to aminoimidazole carboxamide ribotide (a precursor of both AMP and GMP). See Fig. 1 Small, medium-copy-number cloning vector Small, medium-copy-number cloning vector Vector for expression of fusion proteins from T7 promoter Plasmid carries spectinomycin-resistance cassette (a) for insertional mutagenesis kacZ gene translational fusion vectors 7-1 kbp SalI fragment from p124 cloned into Sall-cut pUC18 Derived from pSG108 (Fig. 1) This work Messing (1991) * Bacteriophage 1 carrying the gene for T7 RNA polymerase integrated into the host genome.
Media. The enriched (L broth) and defined (phosphate-buffered minimal salts) media used have been described previously (Tesfa-Selase & Drabble, 1992) . Liquid media were solidified with 1.5% (w/v) agar. Minimal medium was supplemented with Casamino acids (0.5%) or with individual amino acids (20 pg ml-'). Antibiotics were used at the following final concentrations (pg ml-l) : ampicillin (Ap), 50 ; chloramphenicol (Cm), 30; spectinomycin, 100. Preparation of plasmids and DNA manipulations. Plasmid DNA suitable for restriction endonuclease digestion, ligation, transformation and sequencing was prepared using DNApurification columns (Promega). Large-scale isolation of plasmid DNA suitable for all applications and recombinant DNA techniques used for plasmid construction are described in Sambrook et ak. (1989) . DNA fragments were isolated from agarose gels using Prepagene (Northumbria Biologicals). Pro-gressive shortening of plasmid DNA to produce a set of nested deletions for use in sequencing was performed using the reagents and protocols supplied with the Stratagene Exonuclease III/Mung Bean Nuclease Deletion kit.
Transformation. Cells were made competent by treatment with calcium chloride using a method based on that of Mandel & Higa (1970) . Lac' transformants were detected on media containing X-Gal (40 pg ml-').
DNA sequencing. Plasmid DNA was sequenced on both strands by the dideoxy chain-termination method using Sequenase Version 2.0 (United States Biochemicals purl3 operon of E. coli dITP for dGTP in the labelling and termination reactions. For reading sequences up to 5 nt from the primer, manganese buffer was included in the labelling reaction. Oligonucleotide 17-mers used as sequencing primers, and other primers, were synthesized using an Applied Biosystems 381A DNA synthesizer by the phosphoramidate method and purified using oligonucleotide purification cartridges (Applied Biosystems).
Cell-free extracts. Extracts were prepared from 100 ml cultures grown in minimal medium supplemented with 0.5 % Casamino acids. For growth under repressing conditions, 100 pg adenine ml-' was added. Bacteria were harvested at an OD,,, of 0*7FO-9, resuspended in 0.5 ml 30 mM potassium phosphate buffer, pH 7.0, and ultrasonically disrupted at 4 O C using an MSE Soniprep 150. Cell debris was removed by centrifugation (30000 g for 1 h) and the supernatant was dialysed against 30 mM phosphate buffer, pH 7.0. Protein concentration was measured by the Bradford (1 976) method.
Assay for S-AMP lyase. S-AMP lyase was assayed by following the decrease in A,,, (Pye Unicam SP8-400 spectrophotometer) due to the disappearance of succinyl-AMP. The specific activity of S-AMP lyase is defined as the loss of 1 pmol succinyl-AMP ( E~~, = 10.7 x lo3 1 mol-' cm-') (mg protein)-' min-' at 25 OC.
The assay mixture (total volume 0-5 ml) contained 50 mM HEPES/KOH buffer, pH 7-2; 40 pM succinyl-AMP; and enzyme (approximately 150 pg protein for cell-free extracts, 2 pg protein for purified enzyme).
Electrophoresis of proteins.
The protein content of extracts of disrupted cells was analysed by SDS-PAGE using a discontinuous buffer system and with appropriate size markers. Gels were stained with Coomassie Brilliant Blue R. The molecular mass of native S-AMP lyase was estimated using a nondenaturing gel system based on the method of Bryan (1977) .
Purification and N-terminal sequence of S-AMP lyase. The enzyme was purified from extracts of TG2(pSG108) overexpressing the protein. The extract (1 ml containing 6 mg protein) was diluted twofold with 25 mM Tris/HCl (pH 8.0) (buffer A) and filtered through a 0.22 pm filter to remove residual debris. FPLC was carried out at room temperature. The FPLC column (Pharmacia ; Mono Q anion-exchange resin) was equilibrated using the following sequence (flow rate 1 ml min-l): buffer A (6 min), 25 mM Tris/HCl (pH 8.0) containing 1 M NaCl (buffer B) (6 min), buffer A (6 rnin). The protein sample was applied to the column and eluted with the following buffer sequence (flow rate 1 ml min-l) : buffer A (2 min), &50 % buffer B/100-50 % buffer A (30 min), buffer B (4 min), buffer A (6 min). Fractions containing the enzyme were pooled and desalted using a PD-10 gel-filtration column (Pharmacia). Purified S-AMP lyase was stored at -20 "C for up to 6 months without significant loss of enzyme activity.
N-terminal sequencing of the purified S-AMP lyase was by limited Edman degradation. Protein (5 pg) in 30 p1 10 mM phosphate buffer (pH 7-2) was diluted twofold with 50 % (v/v) acetonitrile/l % (v/v) trifluoroacetic acid (TFA) solution. The protein solution was spotted onto a glass fibre disc and treated with TFA and Biobrene detergent. The disc was dried and placed in the reaction vial of an Applied Biosystems 477A Protein Sequencer. Seven cycles of Edman degradation were performed and the phenylthiohydantoin derivatives were separated using an Applied Biosystems 120A HPLC analyser.
Catalytic and kinetic properties of S-AMP lyase. S-AMP lyase was assayed over a pH range of 6.5-9.0. The buffers used were MES/KOH (pH 5.5, 6.0, 6-5 and 7.0), HEPES/KOH (pH 6-5-8.5 in 0.1 pH increments) and Tris/HCl (pH 8.0, 8.5 and 9.0). The mean activity at each pH value was calculated from duplicate measurements. S-AMP lyase was assayed at succinyl-AMP concentrations of 0.125, 0.25, 0.5, 1.0, 2.0 and 4.0 times the K, (14 pM) for the S-AMP lyase of Salmonella t_yphimurizm (Gots & Berberich, 1965) . The mean of four assays at each concentration was determined.
Gene fusions. DNA fragments were placed in-frame with lacZ into plasmids pNM481 and pNM482 (Minton, 1984) . B-Galactosidase was assayed as described by Tesfa-Selase & Drabble (1992) using strain MClO6l as host. The recorded Bgalactosidase activities are means from at least two independent cultures; the overall variation was not greater than f 10 %.
Cassette mutagenesis. Insertion of the fragment from plasmid pHP45R (Prentki & Krisch, 1984) was used to disrupt the ORF15 and ORF23 reading frames (see Fig. 5 ). The R fragment carries the streptomycin/spectinomycin resistance gene of RlOO flanked by short inverted repeats within which are transcriptional and translational termination signals and synthetic polylinkers.
The method of Kulakauskas e t al. (1991) was used to move mutant alleles (carrying an inserted CmR cassette) from a plasmid onto the chromosome as follows. The 3.6 kbp ORFl5-ORF23-pwB' fragment of pSGl16 was released by HindIII-BamHI and cloned into HindIII-BamHI-cut pACYCl77. This vector contains no site for AflrII or Asp71 8 but they are present withn ORF23 and ORF15, respectively, of the inserted fragment. The 977 bp Sau3A fragment of pACYCl84, which carries CmR, was inserted at the AflrII site (in ORF23) or the Asp718 site (in ORF15) by blunt-end ligation. The mutated fragments were then released by HindIII-BamHI treatment and cloned into pUC19 or pUC18 to give pTMll4 (ORF23 : : CmR) and pTMll7 (ORF15 : : CmR), respectively. Mixed 1 phage lysates were obtained by infecting MClO6l harbouring either pTM114 or pTMll7 with 17F9 (Kohara etal., 1987) . The lysates contained a mixture of 27F9 (no recombination), co-integrates (one cross-over between the phage and the plasmid) carrying both CmR and ApR, and 17F9 carrying the CmR cassette in the appropriate ORF (two cross-overs) but not ApR. The mixed lysates were used to transfer the mutation to the chromosomal ORF by homologous recombination by infecting JC7623 (recBC sbcB). Selection of transductants on Cm medium excluded transfer to the chromosome of non-recombinant phage and of co-integrates (which being derived from a ColEl-type plasmid are extremely unstable in a recBC sbcC strain).
Primer extension mapping. Experiments were carried out using a Primer Extension kit (Promega). Specific primers, labelled at their 5' ends with [y-32P]ATP, were hybridized, each at its optimum temperature (Sasse-Dwight & Gralla, 1991), to RNA isolated by the method of Wilkinson (1991) from TG2 carrying pSG108 ( Fig. 1 ). Primer extension was initiated by the addition of avian myeloblastosis virus reverse transcriptase, and the DNA products were analysed on 6 % (w/v) denaturing polyacrylamide gels alongside either sequencing ladders or the end-labelled DNA size markers (Hi& fragments of 4x174 DNA) provided. Five primers were synthesized (see above). These hybridize to, and initiate reverse transcription from, RNA at specific regions within ORF15, ORF23 and the pwB coding sequence (Fig. 3) .
Expression of cloned genes and cell fractionation.
A modification of the method of Tabor & Richardson (1985) was used for controlled hgh-level gene expression in vim. DNA fragments cloned in the correct orientation into a Bluescript plasmid (Stratagene) were specifically expressed from a T7 promoter. The host strain JM109(DE3) carries an IPTG-inducible gene for T7 RNA polymerase. JM109(DE3), with or without the appropriate plasmid, was grown in L broth to an OD,,, of 0.6. Cells from 0.2 ml culture were washed in M9 medium (Sambrook et al., 1989) and resuspended in 1 ml M9 medium supplemented with 1 % methionine assay medium (Difco). Bacteria were then grown at 37 O C for 1 h when IPTG (0.5 mM) was added, followed by a further 15 min incubation before addition of rifampicin (200 pg ml-'). The cells were left at 37 OC for 30 min for exclusive T7 promoter expression. min at room temperature with 20 p1 chloroform. After addition of 0.2 ml 10 mM Tris/HCl (pH 8.0) and mixing, the cells were collected by centrifugation (20 min). The supernatant (containing periplasmic proteins) was evaporated to dryness then redissolved in 30 p1 SDS-PAGE loading buffer. The cell pellet (containing the membrane fraction and cytoplasmic proteins) was resuspended in 30 pl SDS-PAGE loading buffer. For the preparation of membrane fractions, labelled cells were collected by centrifugation, resuspended in 1 ml distilled water, and sonicated (MSE Soniprep 150, ten 30 s bursts with 45 s cooling periods between). Whole cells and debris were removed by centrifugation at 12000 g for 1 min and the supernatant was spun for 1 h at 40000 g to pellet the membrane fraction. The supernatant (containing soluble proteins) was evaporated to dryness and redissolved in 30 pl SDS-PAGE loading buffer. The membrane pellet was resuspended in 1 ml distilled water, recentrifuged at 40 000 g for 1 h, and the membrane pellet finally dissolved in 30 pl SDS-PAGE loading buffer.
RESULTS AND DISCUSSION Cloning the purl3 region
The source of DNA from the 25' region of the E. coli chromosome was p124 (Sullivan et al., 1985) , a plasmid derived from pLC3-2 (Clarke & Carbon, 1976 ) by deletion of two Hind111 fragments. Tn5 insertion mutagenesis has shown that p124 carries at least asuE (trpnU) and purB in different transcription units (Sullivan e t al., 1985) . p124 conferred prototrophy on thepurB auxotroph MW1047 and a 12-fold increase in S-AMP lyase activity (to 0.216 pmol min-' mg-l) compared with the parental prototrophic strain (W3110). Restriction mapping of p124 ( Fig. 1 ) disclosed a third SalI site not recorded by Sullivan e t al. (1985) and suggested that purl3 would be present on a 7.1 kbp JdI fragment, This fragment was cloned into pUC18 using host TG2 to give plasmid pSG108 (Fig. 1) . Cell-free extracts of TG2(pSG108) grown without adenine exhibited a 238-fold overexpression of S-AMP lyase (4.284 pmol min-' mg-l) compared with TG2(pUC18), which was reduced to half this value by growth under repressing conditions (100 pg adenine ml-' added to the culture medium). This suggested that purB had been subcloned with its control elements intact. SDS-PAGE of extracts prepared from cells grown without adenine revealed an intense band of a 50 kDa protein ( Fig.  2a ).
Purification and properties of S-AMP lyase
S-AMP lyase from an extract of overexpressing cells [TG2(pSG108)] was further purified by anion-exchange FPLC. When analysed by SDS-PAGE, the purified enzyme migrated as a band of molecular mass 49500 Da (Fig. 2b) compared with a sequence-derived molecular mass of 51 542 Da (see below). The mean native molecular mass, as estimated by non-denaturing PAGE, was 211 kDa (data not shown), which is consistent with the enzyme being a homotetramer. The specific activity of purified S-AMP lyase was 1.7 pmol S-AMP removed min-' mg-l. The K, for S-AMP is 3.7 pM and the enzyme has a pH optimum of 7.4-7-6. The N-terminal amino acid sequence obtained from purified S-AMP lyase was MELSVLT, which differs from the derived sequence ( Fig. 3 ) only at the fifth residue.
ORFs and their products
The sequence of 2986 bp obtained for thepurB region was examined for potential reading frames using the FRAMESCAN program (Staden & McLachlan, 1982) . Four ORFs are present on one strand; no ORFs of any significant size are present on the complementary strand (Fig. 3) . The longest ORF is assigned to parB for the following reasons : the N-terminal amino acid sequence of purified S-AMP lyase (see above) corresponds to that derived from the 5' end of the ORF; the ORF encodes a polypeptide of 456 amino acids with a predicted molecular mass of 51 542 Da, which is close to that measured for the purified S-AMP lyase subunit by SDS-PAGE (see above) ; and the amino acid sequence corresponding to the ORF shows a high degree of homology to S-AMP lyase of Bacdlas subtilis (Ebbole & Zalkin, 1987) and to other enzymes catalysing analogous fumarate elimination reactions (Woods et al., 1988 region between these sequences has the consensus GSS-MP-K-N ( Fig. 3 ; nt 2255-2284), which probably occurs at the active site of enzymes catalysing fumarate elimination reactions. Based on the mapping data of Sullivan e t al. (1985) , which places asuE clockwise of pt/rB, the direction of transcription of p w B is anticlockwise on the E. coli chromosome.
TheptlrB initiation codon is preceded by two sequences complementary to the 3' end of 16s rRNA which could function as a ribosome-binding site (Gold & Stormo, 1987) . Synonymous codon usage (Sharp & Li, 1986) for p w B is consistent with that of a highly to moderately expressed gene (data not shown) and the proportion of rare codons is low (1.2 %).
The second ORF (ORF23; ycfC in Berlyn e t al., 1996) terminates at a TGA codon (position 1370) only 3 nt upstream of the PurB initiation codon. Potential translation initiation sites for ORF23 are two GTG codons at 725 and 731. The 'Perceptron' algorithm (Stormo e t al., 1982) identified ribosome-binding sites for both initiation codons, that for G,,,TG having the higher score. ORF23 encodes a 213 amino acid polypeptide of 22915 Da. A third ORF (ORF15; yc$! 3 in Berlyn e t a/., 1996), starting with the ATG codon at 294 and extending for 399 bp, potentially encodes a 133 amino acid polypeptide of 14 789 Da.
Strains overexpressing S-AMP lyase also contain a protein of 23.7 kDa showing as a band on SDS-PAGE ( Fig. 2a ). This protein is possibly the product of ORF23. We demonstrated that ORF23 is indeed encoding a protein by using a system for the high-level expression of cloned genes in viva. A BgllI-EcaRI fragment, encompassing ORF15,ORF23 and the 5' end ofpurB (Figs 1 and 3) , was cloned into the pBluescript KS(+) vector to yield pTM110. The translational reading frames on the cloned fragment were then selectively expressed from a T7 promoter on the vector by inducing production of T7 RNA polymerase in the presence of rifampicin. Only two proteins (molecular mass approximately 17.5 kDa and 23 kDa) were highly labelled with [35S]methionine during the expression period (Fig. 4a ). The smaller protein has the size expected for a fusion of the first 115 codons of purB to the lacZ antisense strand on the pBluescript vector to yield a polypeptide terminated after 174 amino acid residues. The size of the larger protein (P23) is consistent with its assignment to ORF23. There was no evidence from this experiment for a protein corresponding to ORF15. The same expression system was used to locate P23 within the cell. P23 and thepurB fusion protein were selectively expressed from the T7 promoter on pTMl10. The whole cells were subsequently treated with chloroform to obtain the periplasmic fraction (Ames e t al., 1984) . Proteins from the periplasmic fraction and from the remaining cellular fraction were analysed by SDS-PAGE (Fig. 4b ). P23 and the p w B fusion protein were present in the cellular fraction, indicating that both proteins were localized within the membranes or the cytoplasm. Following selective expression from pTM110, whole cells were disrupted by ultrasonication followed by centrifugation to separate the soluble (cytoplasmic plus periplasmic) proteins from the membrane fraction. P23 and thepurB fusion protein were shown to be localized to the membrane fraction (Fig. 4c) . A small amount of P23 was present in the soluble fraction; this may represent protein not yet transported to the membrane. Although S-AMP lyase is a cytoplasmic protein, the fusion protein (PzLTB'-antilacZ) has two long stretches of hydrophobic residues which may interact non-specifically with the membrane. .............................................................................................................................................................................  ..........................................................................................................................................   Fig. 3 . For legend see The derived amino acid sequences of ORF23 and ORF15 were compared with entries in the SWISS-PROT database (release no. 31) using the FASTA program (Pearson & Lipman, 1988) . No significant matches were detected. The protein products of these reading frames can be matched, however, to sequences in the recently published whole-genome sequence of Haemuphilzss infltleqae Rd (Fleischmann e t al., 1995) Kasahara et al., 1992) . A protein in extracts of TG2 carrying pSG108, and running on gels with a molecular mass close to 27 kDa ( Fig. 2a) , may be the phuP product (molecular mass 25.5 kDa; Kasahara e t al., 1992).
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A nucleotide sequence for the pad? region has been published by He e t al. (1992) . Their sequence of 2711 bp starts at position 384 in Fig. 3 and includes an additional 78 bp at the 3' end. Their location for theplurB initiation codon (derived from N-terminal sequencing of S-AMP lyase) agrees with that reported here, but the following differences between the two sequences affect the ORF23 and plurB coding regions : deletions at positions 871 , 125 1 and 1261 result in frameshifts within ORF23; inversions at positions 1807/8,1834/5,2154/5 and 2342/3 result in amino acid substitutions in S-AMP lyase; and deletion of G at position 2653 results in an S-AMP lyase shorter by 21 amino acids at the C-terminus CALPEEEKARL(19 amino acid residues)K-COOH becomes RCQKKRKPA-COOH]. These differences eliminate ORF23 (by introducing stop codons) and create a 435 amino acid S-AMP lyase of molecular mass 49225 Da (2317 Da less than the polypeptide derived from purB in Fig. 3 ). In addition, 'rare' codons (Sharp & Li, 1986 ) are created within the p a d coding region. Independent confirmation of the nucleotide sequence from positions 1865 to 2986 reported here is provided by Kasahara e t al.
(1 992). They sequenced 4097 bp from the 25' region of the E. culi chromosome that includes the phoPQ operon downstream of plurB and 881 bp of an ORF which they failed to identify as purB.
The 5' 1122 bp of their sequence exactly matches the 3' end of the sequence reported here, suggesting that differences noted above result from errors within the sequence of He e t al.
( 1 992).
Transcription signals
The whole sequence was searched for potential promoters using the consensus sequence derived by Harley & Reynolds (1987) and the program PROBE (Giles, 1992) . The highest scoring putative 0'' promoter occurs 64 nt upstream of the ORF23 initiation codon (Fig. 3) . Seven nucleotides downstream of this promoter sequence is the highly conserved CGT, wherein G,,, is a likely transcription start site (Hawley & McClure, 1983) . Only 3 bp separate ORF23 a n d p a d and no other promoter-like or termination sequences are found within, or immediately following, ORF23, suggesting that ORF23 and plurB are co-transcribed. A flagellin-type promoter sequence (Helmann & Chamberlin, 1987) was unexpectedly found between positions 200 and 230 (Fig. 3) .
Downstream of theplurB coding region is a potential rhoindependent terminator (Rosenberg & Court, 1979) , consisting of a region of hyphenated dyad symmetry capable of forming a stable mRNA stem and loop [AG (25 "C) = -26-6 kcal mol-' (-111.7 kJ mol-l); Tinoco e t al., 19731 followed by a T-rich region (Fig. 3) .
The extent of the purB transcriptional unit was investigated by insertional mutagenesis. The ORF15 and ORF23 reading frames in the 1-75 kbp BgnI fragment from pSG108 were disrupted by insertion of the R interposon from plasmid pHP45Q. The R fragment is a 2 kbp segment of DNA carrying the spectinomycin/ streptomycin resistance determinant of R100 flanked by short inverted repeats within which are transcriptional and translational termination signals and polylinkers (Prentki & Krisch, 1984) . The i2 fragment was inserted at two positions; either at the unique Asp718 site within ORF15 or at the unique A . 1 1 site within ORF23 (Fig. 3) . The mutagenized sequences were cloned in-frame into an appropriate lac2 translational fusion vector (Fig. 5 ) so that expression ofparB could be measured from assays of pgalactosidase during exponential growth. Strains carrying the vector plasmids alone (pNM481 and pNM482) had similar very low background levels of 8-galactosidase ( Fig. 6 ; only data for pNM481 shown). Enzyme production was greatly increased by the in-frame fusion of the 1.75 kbp DNA fragment carrying ORF15,ORF23 and the 5' end ofptlrB (pTM105), indicating the presence of at least one correctly orientated promoter on this fragment. The fragment also carries sequences mediating adenine repression of S-AMP lyase, because /I-galactosidase production was reduced by the presence of adenine in the culture medium (Fig. 6 ). Insertion of Q into ORF23 (pTM109) reduced enzyme production down to the background level of the control carrying only the vector. Insertion of Q into ORF15 (pTMlOG), by contrast, resulted in a reduction in enzyme production to about half that from pTMlO5 (Fig. 6) . The total loss of pgalactosidase by inserting the R interposon in ORF23 indicates co-transcription of ORF23 and purB, and suggests the presence of at least one promoter between the BgLI site (position 140) and the AfnII site (position 840) (Fig. 3) . The reduced level of enzyme synthesis from pTMlO6 suggests that a promoter lies between positions 350 and 840, with a second sequence acting as a promoter between 140 and 350. It was noted above that a potential flagellin-type promoter is present in this part of the sequence. The Asp718 restriction site within ORF15 of pTM105 was also used to introduce a + 4 frameshift into the translational reading frame to yield pTM115 (Fig. 5 ). This frameshift within ORF15 did not alter the high level of p-galactosidase activity produced by pTM105 ( Fig. 6) . Correct translation of ORF15 is not, therefore, a prerequisite for the expression of ORF23-pwB.
Transcription mapping by the primer extension method was used to identify 5' ends of mRNA (Fig. 7) . Five primers were prepared to hybridize to, and initiate cDNA synthesis from, mRNA at specific sequences within ORF15, ORF23 and p w B (Fig. 3) . Primers E and A correspond to the two ends of ORF15. No cDNA products that could identify recognizable 0,' promoter sequences were produced using these primers (data not shown). Primers B and D correspond to sequences in ORF23 downstream of the putative purB promoter identified from the sequence search. Transcription mapping with these primers indicated potential transcriptional start sites in the vicinity of this promoter within ORF15. The longest cDNA probably arises from extension caused by fold-back secondary structure in its GC-rich 3' end; the other cDNAs terminate in the predicted region for transcription initiation, with A,,, and G,,, being the most likely candidates for the +1 nucleotide. Primer C, complementary to the 5' region of purB, gave several cDNA products. He e t a!. (1992) also attempted to map the purB promoter by primer extension using primers annealing at positions 1456-1475 and 1490-1 508 (Fig. 3) . These gave reverse transcripts indicating a transcriptional start at A133, within ORF23. This site is not preceded, however, by a recognizable 0,' promoter but is immediately preceded by a sequence of hyphenated dyad symmetry (GCCTGACCACTCAGGCAA) capable of forming a stable mRNA stem and loop (Fig. 3) . cDNA synthesis by avian myeloblastosis virus reverse transcriptase can be terminated by stem and loop structures (Tuerk et al., 1988) , especially when experimental conditions are not sufficiently denaturing. Two of the products using primer C (Fig. 7) correspond to cDNA terminated at either side of the symmetrical sequence and may be, therefore, artefactual.
Effects of chromosomal mutations in ORF23 and ORFl5
ORF23 was mutated in vitro by insertion of a CmR cassette into the unique AfEIII site within the reading frame. The mutation was then transferred to A7F9 (Kohara et al., 1987) by homologous recombination and subsequently to the chromosome by transduction (transduction frequency 4 x lo-, per phage particle) using selection on nutrient medium containing Cm (see Methods). Twent transtype were plated to minimal agar medium with or without adenine supplementation. All were viable without adenine supplementation. P23 is therefore not essential for growth of E. coli, nor is it required for purine biosynthesis. The chromosomal p w B and ORF23 : : CmR markers were shown to be closely linked in the constructed mutants. Using phage-P1 kc-mediated transduction, a constructed mutant as donor, and strain MW1047 urB747) as recipient, with selection for either Cm' or purine auxotrophy, there was greater than 95 % co-transduction of the non-selected marker in each cross.
The above procedure was repeated using the cassette mutation at the Asp71 8 site in ORFl5 ; however no CmR transductants were obtained. The high frequency of transduction observed when introducing ORF23 : : CmR into the chromosome and the absence of transductants for ORFl5 : : CmR suggests that ORFl5 corresponds to an essential gene. ductant colonies showing the required CmR Ap 2 pheno-
Other features in the sequence
A sequence differing from the consensus j w operator by 2 nt is found in thepurB coding region 182 nt downstream of the initiation codon (Fig. 3) . With the exception of purR, all genes regulated by PurR contain repressorbinding sites in their promoter regions (He et al., 1990; Meng e t al., 1990) . A putativepw operator, differing from the consensus sequence at only one position, is also found immediately upstream of the ORF23 homologue (HI0638) in €3. in@enxae (Fleischmann e t al., 1995) . Autoregulation of p r R by downstream repressor binding requires two IP: 54.70.40.11
On: Thu, 13 Dec 2018 12:59:55 S. M. G R E E N and OTHERS Fig, 7 . Primer extension mapping of the 5' ends of transcripts from the purB region. RNA was isolated from strain TGZ(pSG108). cDNA synthesis was initiated from three different primers (B, C and D in Fig. 3) . (a, b) Lanes: 1, Hinfl4Xl74 DNA size markers (lengths given in nucleotides); 2, cDNA products initiated from primers D (a) and C (b) as indicated. (c) cDNA products (lane 3) initiated from primer B run alongside a sequencing ladder using the same primer. The sequence of cDNA is shown on the left. pnr operators (Meng e t a/. , 1990 ; Rolfes & Zalkin, 1990b) and is assumed to be mediated by transcription termination. The pt/r operator within parB has been shown to be a site of transcription termination (He e t a/., 1992; . ThepwB N-terminal coding region also contains a DnaA box at position 1382 (Fig. 3) on the non-transcribed strand which differs from the consensus sequence (TTATC,CAC,A) at one position. As it has been demonstrated that GMP biosynthesis is regulated by the DnaA protein binding to a DnaA box on the nontranscribed strand ofguaB (Tesfa-Selase & Drabble, 1992 , it is possible that purl? is a target for DnaA regulation of IMP and AMP biosynthesis.
Conclusions
We have shown that p w B is co-transcribed with an upstream gene, ORF23. The same close coupling ofpzwB to ORF23 is also seen in H. infltlenxae (Fleischmann e t al., 1995) . It is unlikely that the protein product (P23) of ORF23 has any direct role in purine biosynthesis as ORF23 is dispensable, even in the absence of pre-formed purines. P23 may not even be indirectly involved with purine nucleotide metabolism. The p w F operon has the arrangement cvpA-ptrrF-t/biX, where iupA determines colicin V production (Fath e t al., 1989) . The nearest upstream mapped gene to purl? is asgE, but asnE andpzlrB are not co-transcribed (Sullivan et a/. , 1985) . asaE cannot, therefore, be assigned to ORF23. The promoter for ORF23-pnrB lies within the coding region of the upstream gene ORF15. ORF15 is probably the 3' end of a much longer reading frame which extends 5' to the sequence presented here up to icd, the next sequenced coding region. This extended reading frame corresponds to HI0174 of H. infEt/enxae (Fleischmann et al., 1995) and is a candidate for asnE. There are no apparent termination signals to prevent transcription continuing from this reading frame into ORF23-parB.
